A wideband LTCC quad-phase power dividing network, which owns one input and four outputs, is proposed in this paper. It is composed of a 1-to-4 Marchand balun and two 90 • phase shifters so as to realize four outputs with equal amplitudes and 90 • progressive phase shifts. An example, covering a frequency band from 1.2 GHz to 1.6 GHz, is designed for most frequency bands of the world's four satellite communication and navigation systems. The measured results show that the proposed power dividing network features good performance, such as an amplitude imbalance smaller than 0.8dB and a phase deviation within ±10 • . For verification, two ceramic-based quadrifilar helix antennas (QHAs) fed by the proposed power dividing network are designed at 1.561 GHz with right-handed circular polarization (RHCP) and left-handed circular polarization (LHCP), respectively. Both QHAs owns superiorities in size, axial ratio (AR), beamwidth, crosspolarization discrimination, front-to-back ratio, which validates the function of the proposed power dividing network as well.
implement the radiators. The former requires bending the metal wires into helix [4] [5] [6] [7] [8] [9] . The latter is usually realized by printing metal strips on a thin substrate/film, which is wrapped and manually maintained with tape to form a cylindrical surface [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Therefore, the fabricating and assembling errors of both techniques are relatively large, requiring much post-debugging. This problem could be well solved by printing the metal strips on the surface of the hollow ceramic rod [20] , [21] . At the same time, the high permittivity of the ceramic contributes a lot to size reduction. However, this ceramic-based technique owns a critical problem of very low input resistance, which needs to be resolved for practical applications.
The performance of the QHA depends not only on its radiator but also on the quad-phase power dividing network. The earliest power dividing network is the self-phase-shifting network realized by using the inner and outer conductors of the coaxial cables, as showing in Fig. 1 in [22] . It can be very compact, while the working frequency band is as narrow as 1-2 MHz. Recently, the most used feeding networks are based on the printed circuit board (PCB) technology. Wilkinson power dividers, 90 • /180 • hybrids, directional couplers and phase delay lines are the basic elements to achieve the amplitude and phase requirements. In [6] , two Wilkinson power dividers with the same parameters are connected to the inner and outer conductor of a coaxial cable, which naturally features 180 • phase difference in a wide frequency band. Nevertheless, two simple delay lines are applied to realize 90 • phase difference, resulting in an in-band phase deviation of about ±20 • . A way to improve the phase characteristics is to use 90 • hybrids based on transmission-line structure [7] , [17] . In this way, however, the circuit size is enlarged a lot and the improvement of the phase characteristics is limited. In order to overcome these problems, some works use the commercial wideband surface-mounted 90 • hybrids [18] , [19] . The feeding network in [18] is composed of two surface-mounted 90 • hybrids and an aperture-coupled transition, which introduces 180 • phase difference. More than that, three surfacemounted 90 • hybrids are used in [19] . Although their phase performance is excellent in a wide frequency range, the use of commercial hybrids makes the cost increase dramatically and extra resistors are needed. Moreover, the circuit size could be further miniaturized. Low temperature co-fired ceramic (LTCC) is an effective technology for size reduction of passive components. Some power dividing networks with specific phase characteristics have been reported based on the LTCC technology [23] [24] [25] . However, no quad-phase power dividing network by using the LTCC technology has been reported. Therefore, LTCC quad-phase power dividing networks featuring good phase performance, compact size and wide operating band are highly demanded. Besides, it would be better to avoid using hybrids and directional couplers so that no extra resistors are required in the LTCC fabrication.
In this paper, a wideband quad-phase power dividing network for the QHA, which is composed of a 1-to-4 Marchand balun and two 90 • phase shifters, will be presented based on the LTCC technology for the first time. The expressions for the S-parameters of the 1-to-4 Marchand balun are derived with the coupling coefficient, the input and output impedances to guide the design. The implemented feeding network operates from 1.2 GHz to 1.6 GHz, covering most frequency bands of the world's four navigation systems. In particular, all the three frequency bands of the Chinese Compass Navigation Satellite System (CNSS), i.e. 1.207 GHz, 1.268 GHz and 1.561 GHz, are included. In the whole frequency band, its amplitude imbalance and phase deviation are small. In order to verify the function of the LTCC feeding network, two broadside radiating QHAs are designed and fabricated with right-handed circular polarization (RHCP) and left-handed circular polarization (LHCP), respectively. The radiators, whose lengths are quarter-wavelength (λ/4) at 1.561 GHz, are implemented by using the ceramic-based technique. Short-ended stubs are introduced to adjust the input resistance to a common level, which reduces the complexity of the QHA design. As shown in Fig. 1 , the radiator and the feeding network are integrated together by a supporting board. The simulated and measured results show that both QHAs feature advantages of compact structure without large ground/reflectors, good AR, broad beamwidth, high cross-polarization discrimination and high front-to-back ratio at the same time. This paper is organized as follows. Section II presents the LTCC quad-phase power dividing network. Section III introduces the ceramic-based QHAs followed by a conclusion in Section IV.
II. LTCC QUAD-PHASE POWER DIVIDING NETWORK
For a QHA, the feeding network, i.e. the quad-phase power dividing network, has to provide excitations with equal amplitudes and 90 • progressive phase shifts to the four arms of the radiator over the operating frequency band. The operating principle of the proposed wideband feeding network and its measurement results are described in this section.
A. OPERATING PRINCIPLE
In order to avoid burying resistors in the LTCC technology, a new feeding network needs to be designed without using hybrids and directional couplers. Fig. 2 shows the proposed construction of the wideband feeding network. A 1-to-4 Marchand balun is utilized to realize power division of equal amplitudes and 180 • progressive phase shifts. Two 90 • phase shifters are connected to the outputs of the 1-to-4 Marchand balun so as to provide the required 90 • phase difference. It can be seen from Fig. 2 that the four outputs of the resultant wideband feeding network can feature equal amplitudes and 90 • progressive phase shifts. In addition, the above two functional components should be designed with wideband characteristics, whose specific realizations will be described as follows.
B. 1-TO-4 MARCHAND BALUN
Marchand balun has been widely researched and used in microwave communication circuits and systems [26] [27] [28] [29] . It is usually designed with 1-to-2 topology and the two outputs are with equal amplitudes and 180 • phase difference. The analysis method of the Marchand balun is presented in detail in [27] and [28] . Recently, a 1-to-4 Marchand balun is proposed to design the star mixer [30] , where the S-parameters are derived as expressions of the coupling coefficient k between the coupled lines. However, the input and output impedances of the 1-to-4 Marchand balun are all fixed to be 50 , which is with loss of generality. The schematic of the 1-to-4 Marchand balun is shown in Fig. 3 (a) . It is constructed by a λ/2 open-ended transmission line and four shortended λ/4 transmission lines. The S-parameters for the 1-to-4 Marchand balun in this design could be derived as follows:
where k represents the coupling coefficient, Z S is the port impedance of the input, and Z L is the port impedance of each output. According to (2) , the symmetry of the 1-to-4 Marchand balun determines that the four outputs naturally owns equal amplitudes and 180 • progressive phase shifts, regardless of the coupling factor and port terminations. To achieve input matching S 11 = 0, the coupling coefficient k is as high as 1
√ 2 under the condition of Z S = Z L = 50 . It is fortunate that such a high coupling coefficient can be easily obtained by the broadside coupling in LTCC structure as shown by Layers 6 -8 in Fig. 4 . The simulated results of the 1-to-4 Marchand balun are given in Fig. 5 , which features excellent amplitude and phase performance in the desired frequency band from 1.2 GHz to 1.6 GHz.
C. 90 • Phase Shifter
The 90 • phase shifter used in this paper is the simple topology shown in Fig. 3(b) , which is composed of a delay structure and a reference line [31] , [32] . The delay structure is realized by a combination of shunt λ/8 open-/short-ended stubs, while the reference line is a simple straight transmission line. The transmission phase difference between the delay structure and the reference line could be designed to be 90 • in a wide frequency band. To maintain coincident with the port definitions in Fig. 2 , the ports of the delay structure are named as port 5'/3' and port 5/3, while the ports of the reference line are named as port 2'/4' and port 2/4. The ABCD matrix of the delay structure can be expressed as
and the ABCD matrix of the reference line is
where the characteristic impedance Z 2 is usually chosen to be equal to the port impedance Z 0 for good impedance matching By converting the ABCD matrices into the scattering matrices, the transmission phase shift of the delay structure is calculated to be and that of the reference line is
Therefore, the transmission phase difference of the two paths is
To obtain a 90 • phase difference, the electric lengths in Fig. 3(b) at the center frequency could be θ 1 = 45 • and θ 2 = 90 • .
By analyzing (7), it can be found that the bandwidth of this phase shifter is controlled by the impedance ratio of Z 0 Z 1 . The objective fractional bandwidth of our design is about 30%, resulting that an impedance ratio of 1 is enough. Therefore, Z 1 = Z 0 is applied in the following designs. The realization of the 90 • phase shifter is given as Layer 4/10 in Fig. 4 , whose simulated results are depicted in Fig. 6 . Its amplitude and phase characteristics in the desired frequency band are good enough for the feeding network design. 
D. FABRICATION AND MEASUREMENT
By combining the functional components in the above two sub-sections, a wideband feeding network is constructed by using the LTCC technology, where the material used owns a relative permittivity of 5.9 and a loss tangent of 0.0027. Fig. 4 shows its structure and layout. The striplines in Layer 2/12 are introduced to adjust phase characteristics of the four outputs. The physical parameters is obtained as D v = 0.15 mm,W 1 = 0.4 mm, W 2 = 0.3 mm, W 3 = 0.25 mm, W 4 = 0.15 mm, W 5 = 0.15 mm, L 1 = 44.1 mm, L 2 = 21.65 mm, L 3 = 43.9 mm, L 4 = 0.65 mm, L 5 = 11.45 mm, L 6 = 10.45 mm, L 7 = 10.5 mm, L 8 = 6.2 mm, L 9 = 7.7 mm, D 1 = 0.35 mm. Then, the designed LTCC quadphase power dividing network is fabricated and measured. The simulated and measured results, including amplitude and phase performance, are given in Fig. 7 , where the inset is its photograph. The 3-D size of the fabricated feeding network is 9.2 mm × 8.4 mm × 2.4 mm. The operating frequency band is from 1.2 GHz to 1.6 GHz. For the four outputs, equal amplitudes and 90 • progressive phase shifts are obtained, with an amplitude imbalance of smaller than 0.8 dB and a phase deviation within ±10 • . In the whole frequency band, the insertion loss is smaller than 1 dB and the return loss is better than 12 dB. The above excellent performance and the compact size make the presented LTCC quad-phase power dividing network desirable in the design of the QHAs for satellite communication and navigation systems. The main performance of the proposed quad-phase power dividing network is compared with the reported designs in Table 1 . The proposed design owns advantages of very compact size, small amplitude imbalance, small phase deviation and low insertion loss at the same time. In the following section, ceramic-based QHAs are designed to verify the practicability of the proposed feeding network. 
III. CERAMIC-BASED QUADRIFILAR HELIX ANTENNAS
By applying the proposed LTCC feeding network, two broadside radiating QHAs are designed in this section with RHCP and LHCP, respectively. The schematic construction of the proposed QHAs is exhibited in Fig. 1 , consisting of a ceramicbased radiator and a LTCC feeding network. Both of them are mounted on a square supporting board, which is fabricated by the printed circuit board (PCB) technology. The supporting board also acts as a ground plane. Theoretically, the radiation pattern, especially the back lope, mainly results from the composition of the four helical arms. The size of the ground plane only has slight affection on the resonant frequency. Therefore, the ground plane for a QHA is usually set as small as possible.
According to the analysis in [17] , the radiation patterns of a QHA are determined by both the winding direction of the helix arms and the phase sequence of the four excitations. The former mainly controls the polarization. If the arms are left-oriented from the feeding points, it will generate RHCP radiation (named as RHCP QHA). In contrary, if the arms are right-oriented from the feeding points, it will generate LHCP radiation (named as LHCP QHA). To obtain broadside radiation for both cases, the phase sequence of the four excitations should be arranged as shown in Fig. 8 . The 90 • progressive phase difference should be clockwise advanced for the RHCP QHA and anticlockwise advanced for the LHCP QHA. The clockwise or anticlockwise sequence can be realized by just simply turning over the LTCC feeding network.
A. RADIATOR DESIGN
In this design, the four helix arms of the QHA radiator are printed on the surface of a hollow ceramic cylinder, which owns a relative permittivity of 5.7, a thickness of 1 mm, and a loss tangent of 0.0008. The outer diameter of the hollow ceramic cylinder is 18 mm and the height is 30 mm. As shown in Fig. 8 , each helix arm is designed to be λ/4 and 1/4 turn. Both QHAs are designed to be centered at 1.561GHz to cover one of the specific frequency bands of the Chinese CNSS, i.e. 1561.098 MHz ± 2.046 MHz. As a result, the width and the length of the arm are optimized as 1.5 mm and 33.5 mm, respectively. The working mechanism of the proposed QHA is similar to the previous reported QHAs and one can refer to [4] and [5] . The employment of the ceramic reduces the size of the radiator due to its high permittivity. However, the high permittivity also leads to extremely low input impedance, seriously narrowing the impedance bandwidth of the QHA. To overcome this shortage, a parallel shortended stub is adopted for each arm to adjust the impedance to the level of 50 ohm. By changing the width and length of the short-ended stubs, it is possible to obtain a good impedance matching. Taking the RHCP radiator for example, Fig. 9 presents the real part and the imaginary part of the simulated input impedance Z 11 with/without the short-ended stubs. At 1.561 GHz, the input impedance is simulated as about 11-j2 ohm without short-ended stubs, while it is adjust to be 52-j5 ohm by introducing the short-ended stubs.
B. GROUND SIZE
The supporting board also acts as a common ground of the radiator and the feeding network. Parameter studies on its size have been conducted. Fig.10 shows the gain and return loss of the RHCP QHA versus different values of L g , which is the side-length of the square ground. With the increase of L g , the resonant frequency of the QHA moves upwards, while the changes of the gain and the return loss at the corresponding resonant frequency are negligible. The reason is that the ground plane acts as part of the antenna when the ground plane it is that large. It means that the ground plane can be chosen as small as possible. This is useful for reducing the antenna size in cross section. 
C. MEASUREMENT
For verification, the above two QHAs are fabricated and measured. Fig. 11 gives the photographs of the fabricated prototypes. The simulations were conducted by using software Ansys HFSS. The measurements were completed by using an Agilent E8363C and a near-field measurement system. Fig.12 shows the simulated and measured reflection coefficients for the proposed two QHAs. For both antennas, the measured 10 dB impedance bandwidths from 1.54 GHz to 1.58 GHz are achieved, both of which are much wider than the specific frequency band (1561.098 MHz ± 2.046 MHz) of the CNSS. Moreover, the measured reflection coefficients in the specific frequency bands are better than 20 dB. Fig. 13 gives the simulated and measured results of the ARs and Gains for both QHAs. The measured 3 dB AR bandwidths are from 1.542 GHz to 1.578 GHz for the RHCP QHA and from 1.547 GHz to 1.579 GHz for the LHCP QHA, both of which are totally within the impedance bandwidths. Good AR values indicate that the proposed LTCC feeding network can generate stable quad-phase excitations for the QHAs. Besides, the measured gains reach their peak values around the specific frequency bands. The peak gains are 2.9 dBi for the RHCP QHA and 2.8 dBi for the LHCP QHA. Fig.14 plots the measured AR values versus the elevation angles, indicating that wide 3 dB AR beamwidths (> 90 • ) are obtained for all cases.
The simulated and measured radiation patterns at 1.555GHz, 1.560GHz and 1.565GHz for the RHCP QHA are plotted in Fig. 15 , while those for the LHCP QHA are given in Fig. 16 . Both QHAs exhibit good cardioid radiation patterns in the specific frequency band. The patterns in the xz-plane and yz-plane are similar to each other. The measured front-to-back ratios at the center frequency are larger than 20 dB for both QHAs. Meanwhile, the measured cross-polarization discriminations at the center frequency are better than 30 dB and 25 dB for the RHCP QHA and the LHCP QHA, respectively. In addition, both of the QHAs own half-power beamwidths wider than 130 • . Table 2 gives the performance comparisons between the proposed RHCP QHA and the reported QHAs. It can be seen that the proposed design features very compact size, low axial ratio, relatively high gain and wide beamwidth at the same time.
All the above results make that the proposed ceramicbased QHAs as well as its LTCC feeding networks can be successfully applied in most satellite communication and navigation systems. The proposed feeding network can also be utilized to design wideband or multi-band QHAs for the satellite communication and navigation systems, which will be our future work.
IV. CONCLUSION
A wideband LTCC quad-phase power dividing network was designed for the feeding network of the QHAs. It was composed of a 1-to-4 Marchand balun and two 90 • phase shifters without using any resistors, being advantageous for the LTCC technology. An implemented example featured excellent amplitude and phase characteristics from 1.2 GHz to 1.6 GHz, which covered most frequency bands of the world's four navigation systems. To verify the function of the feeding network, two ceramic-based QHAs were designed at 1.561 GHz, which is specified for the Chinese CNSS applications. Excellent performance, such as compact structure, good impedance matching and axial ratio, broad beamwidth, high cross-polarization discrimination and high front-to-back ratio, was realized in both QHAs.
